The development of efficient processes for the total synthesis of d-biotin (1), continues to be an attractive goal in synthetic organic chemistry, because of its unique structural features, significant biological properties and commercial importance. [2] [3] [4] [5] [6] [7] [8] Despite great advances [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in total synthesis over the past 55 years, large-scale preparation of this vitamin employing the F. Hoffmann-La Roche lactone-thiolactone approach, developed by Goldberg and Sternbach in 1949, still retains technically and economic advantages.
The development of efficient processes for the total synthesis of d-biotin (1), continues to be an attractive goal in synthetic organic chemistry, because of its unique structural features, significant biological properties and commercial importance. [2] [3] [4] [5] [6] [7] [8] Despite great advances [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in total synthesis over the past 55 years, large-scale preparation of this vitamin employing the F. Hoffmann-La Roche lactone-thiolactone approach, developed by Goldberg and Sternbach in 1949, still retains technically and economic advantages. 22) However, a long-standing problem in this synthesis has been the lack of an efficient and convenient procedure for the desymmetrization of dicarboxylic acid 2 to form (3aS,6aR)-lactone (6) . Our recent strategy, using a polymer-supported oxazaborolidine catalyzed enantioselective reduction of mesocyclic imide approach, allowed us to prepare (3aS,6R,6aR)-hydroxylactam 5 from 2 in high yield and excellent enantiomeric excess. 23) However, this procedure is impractical for large-scale synthesis due to the use of expensive and toxic BF 3 · Me 2 S as the reducing agent which requires a lot of precautions, and lack of a stable polymer-supported chiral ligand. 24) These obstacles prompted us, as part of our strategy to develop a new oxazaborolidine-catalyzed reducing system that can easily be employed and that gives high enantiomeric excess for a large-scale conversion of 4 into 5 as a precursor for the formation of 6, to complete the asymmetric synthesis of 1.
In the present paper, we describe an efficient and practical asymmetric total synthesis of 1 starting from commercially available dicarboxylic acid 2 through an improved enantioselective reduction of meso-cyclic imide 4 with the use of recoverable chiral polymer-supported oxazaborolidine as a catalyst.
Results and Discussion
The asymmetric synthesis of 1 is presented in Chart 1. The known meso-cyclic-1,2-dicarboxylic anhydride 3 was prepared in almost quantitative yield by heating 2 in xylene with a catalytic amount of Ac 2 O with azeotropic removal of H 2 O for 13 h. Treatment of 3 with benzylamine in toluene under reflux for 6 h afforded the meso-cyclic imide 4 in a 90% yield.
Next, we embarked upon the development of an efficient and convenient strategy for the large-scale asymmetric borane reduction of 4 into (3aS,6R,6aR)-hydroxylactam 5 using a chiral polymer-supported oxazaborolidine derived from polymer-supported ligand 10 25) (containing 0.39 mmol of diaryprolinol function units/g of polymer by elemental analysis) with in situ generated borane from cheap and convenient hydritic reagents and boron halide etherates. Thus, the mesocyclic imide 4 was treated with 80% NaH and BF 3 · Et 2 O in the presence of 10 under reflux in anhydrous THF to afford 5 in 82% yield. The enantiomeric excess of 5 was measured to be Ͼ98% by HPLC analysis using a Chiralcel OD column (eluent : hexane/2-propanol, 6 : 4, 0.7 ml/min).
As pointed out in a number of studies, [26] [27] [28] [29] [30] [31] [32] one of the major advantages of a polymer reagent is the ease with which it can be worked up and recycled. The polymer-supported ligand 10 could be conveniently recovered from the reaction mixture by simple filtration followed by washing with hot H 2 O, and EtOH after the reduction was completed. To demonstrate that the ligand 10 can be recycled a number of times, the enantioselective reduction of 4 was repeated fourteen times under the same reaction conditions. As shown in Table 1 , the reached enantioselectivities remained around 98% ee, clearly illustrating the reusability of the polymersupported ligand 10. 33) for 6 implied an enantiomeric purity of 95.8%, which was then upgraded to 98.6% ee by recrystallization from EtOH. Treatment of 6 with potassium butylthioxanthogenate (nBuSC(S)SK) in DMA at 125°C for 6 h effected the thiolactonization to form the (3aS,6aR)-thiolactone 7 in 82% yield.
From a practical point of view, a one-step introduction of the carboxybutyl chain to 7 based on a Wittig reaction to form (Z)-configurated unsaturated acid 8 seemed to be very attractive. Following the published conditions, 34) Wittig olefination of 7 with the ylide, derived from 4-carboxybutyltriphenylphosphonium bromide (BrPh 3 provided the (Z)-configurated unsaturated acid 8 with low yield (max. 40%). Attempts to treat 4-carboxybutyltriphenylphosphonium bromide with freshly sublimed t-BuOK with 7 at reflux in anhydrous toluene failed completely. However, heating a toluene solution of these compounds at 135°C in a sealed vessel for 7 h gave the desired 8 exclusively as a single (Z)-isomer in 81% yield. The (Z)-configuration of 8 was unequivocally ascertained by NOE experiments (Fig. 1) . A 10.1% enhancement of the signal of H-C 3a at dϭ4.62 was observed on irradiation of the signal at dϭ5.53, which belongs to the olefinic H-atom of the side chain.
Stereospecific hydrogenation of 8 was carried out under 4 atm of H 2 in the presence of Pd(OH) 2 over charcoal to give the N,N-dibenzylbiotin 9 in 95% yield. Removal of the Nbenzyl group was conducted with CH 3 SO 3 H-AcOH-H 2 O (1.5 : 1.5 : 1) under reflux for 10 h to afford d-biotin (1) in 80% yield.
Conclusion
We have developed a very efficient route for the highly stereoselective synthesis of d-biotin in a 33% overall yield starting from readily accessible cis-1,3-dibenzyl-2-imidazolidione-4,5-dicarboxylic acid (2), via Hoffmann-Roche's lactone-thiolactone approach. The short steps, high yield, simple work-up, and ready availability of the reagents should provide a practical means with which to obtain d-biotin.
Experimental
General Procedure Melting points (mp) were measured using a WRS-1B digital melting point apparatus and are uncorrected.
1 H-NMR was recorded on Bruker DMX500 (500 MHz) spectrometer. Chemical shifts (d) are expressed in ppm with TMS as an internal standard. Optical rotations were measured on a WZZ-2S digital automatic polarimeter. IR spetra were measured using a Nicolet FI-IR 360 Spectrometer. Mass spectra (MS) were recorded on HP-5988 Å mass spectrometer. THF was distilled from sodium benzo phenone ketyl and DMA was distilled from CaH 2 before use. Routine monitoring of reaction was carried out using Merck 60 GF 254 silica gel, glass-supported plates (TLC). Polymer-supported chiral ligand 10 was prepared according to a literature method. 25) cis-1,3-Dibenzyl-tetrahydro-2H-furo[3,4-d]imidazole-2,4,6-trione (3) A mixture of 2 (17.7 g, 50 mmol), acetic anhydride (0.94 ml, 0.01 mol), and xylene (100 ml) was stirred under reflux for 13 h and fixed with a DeanStark apparatus. The solid precipitate was cooled to r.t., filtered and washed with H 2 O (100 ml) until acid-free. The solid product was dried to give 3 as a white solid (16.5 g, 98%), mp 237-239°C (lit. N-Benzyl-cis-1,3-dibenzyl-2-imidazolidone-4,5-dicarboximide (4 O (35.7 ml, 0.28 mol) was added dropwise to a suspension of 80% NaH (5.85 g, 0.2 mol) in THF (45 ml) and the suspension was stirred at r.t for 25 min under N 2 . Polymer-supported ligand 10 (15 g) was added, and the reaction mixture was heated at reflux for an additional 25 min. A solution of 4 (27.4 g, 60 mmol) in THF (185 ml) was added dropwise over 2.5 h. Stirring was continued under reflux until the TLC showed complete disappearance of compound 4 (3 h). After cooling to r.t., the mixture was filtered, and the polymer-supported catalyst was washed with EtOAc (3ϫ50 ml) and H 2 O (3ϫ40 ml). The organic layers were separated, and the aqueous layers were extracted with EtOAc (3ϫ50 ml). The combined organic layers were washed with sat. aq. NaHCO 3 (3ϫ30 ml), H 2 O (3ϫ40 ml), and sat. aq. NaCl (3ϫ30 ml), and dried over Na 2 (21), 106 (6), 91 (100).
(
3aS,6aR)-1,3-Dibenzyl-tetrahydro-4H-furo[3,4-d]imidazole-2.4(1H)-dione (6)
Compound 5 (128.25 g, 0.30 mol) in anhydrous EtOH (460 ml) was added dropwise at 0-5°C to a stirred mixture of NaBH 4 (22.7 g, 0.60 mol) and anhydrous EtOH (100 ml). After stirring at 50°C for 4 h. 2 N H 2 SO 4 (245 ml) was added dropwise to the reaction mixture. The reaction mixture was allowed to warm to 80°C and stirring for a further 1 h. After cooling to r.t., the mixture was extracted with EtOAc (4ϫ80 ml). The combined org. layers were washed successively with sat. aq. NaCl (3ϫ35 ml) and H 2 O (3ϫ40 ml), and dried over Na 2 SO 4 . The solvent was evaporated under reduced pressure to give the crude product, which was recrystallized from EtOH to afford 6 as a white solid (86.9 g, 90%), mp 118-120°C, 
4(1H)-dione (7)
Potassium butylthioxanthogerate (30.7 g, 0.15 mol) was added to a stirred solution of 6 (48.3 g, 0.15 mol) in DMA (125 ml) and the mixture was heated at 125°C for 6 h under N 2 . After cooling to r.t., H 2 O (250 ml) was added. The mixture was extracted with toluene (4ϫ60 ml); the combined organic layers were washed with sat. aq. NaCl (3ϫ45 ml) and H 2 O (3ϫ40 ml), and then dried over Na 2 SO 4 . The solvent was evaporated under reduced pressure to give the crude product, which was recrystallized from EtOAc to afford 7 as colorless crystals (41.6 g, 82%), mp 125-126°C, [a] D 20 ϩ90.8°(cϭ1, CHCl 3 ) {lit. (19. 95 g, 45 mmol) in anhydrous toluene (100 ml) at 10°C and the reaction mixture was stirred at 25°C for 45 min. A solution of 7 (13.5 g, 40 mmol) in anhydrous toluene (100 ml) was added, and the resulting mixture was placed in a standard stainless steel vessel under a nitrogen atmosphere and stirred at 135°C for 7 h. After cooling to r.t., H 2 O (150 ml) was added. The organic layer was separated and the aqueous layer was extracted with toluene (3ϫ35 ml). The combined organic layers were washed with sat. aq. NaCl (3ϫ40 ml) and H 2 O (3ϫ40 ml), dried over Na 2 SO 4 , and concentrated under reduced pressure to give the crude product, which was purified by column chromatography (silica gel, benzene/ (11) , 106 (49), 91 (100). d-Biotin (1) A mixture of 9 (42.4 g, 0.1 mol), methanesulfonic acid (100 ml), AcOH (100 ml), and H 2 O (50 ml) was stirred in xylene (200 ml) until all of compound 9 had been consumed (10 h, confirmed by TLC). After cooling to r.t., H 2 O (200 ml) was added. The organic layer separated off the aqueous layer and was concentrated under reduced pressure to an approximate volume of 100 ml. The precipitated product was collected by filtration, and recrystallized from H 2 O to afford 1 as a white crystalline powder (19.6 
